Background: Breast cancer is highly prevalent worldwide and leads to high health-care costs. HER2-positive subtype represents 30% of all breast cancers and is associated with a poor prognosis. Patients treated with anti-HER2 therapies frequently develop resistance and require pharmacological treatment change. Liquid biopsy is a minimally invasive and an easily accessible technique, with high sensitivity and specificity, to detect molecular treatment resistance even before the onset of clinical manifestations and can thus be used to reduce unnecessary anti-HER2 treatment costs. Objective: To evaluate the cost-effectiveness of using liquid biopsy (ctDNA detection) to determine treatment change in women with HER2-positive advanced breast cancer in Colombia. Methodology: We performed an economic evaluation using decision tree modeling and deterministic analyses based on literature search for first and second lines of treatment (trastuzumab, pertuzumab, docetaxel, and TDM1); resistance; outcomes; and sensitivity and specificity of tests detecting molecular resistance. The effectiveness was measured using quality-adjusted life year (QALY) score, and costs were obtained from databases with national validity, suppliers, the Colombian Drug Price Information System (SISMED), and local studies. Results: The use of liquid biopsy (ctDNA detection) with conventional treatment was more expensive and less effective than conventional treatment without liquid biopsy (US $177,985.35 and 0.533889206 QALY, respectively). The incremental cost with liquid biopsy was US $7,333.17 and the incremental effectiveness was 0.00042256 QALY relative to the conventional method. Conclusion: Including liquid biopsy in the treatment of HER2-positive advanced breast cancer was considered currently inapplicable in Colombia because it was not cost effective. Our results open a window of opportunity to improve the development and implementation of ctDNA testing in Colombia, potentially reducing current costs. More evidence is required on the utility of this test, depending on the financial capacity of Colombia and other countries.
Introduction
Breast cancer is a pathology of great interest in public health due to its increased prevalence, incidence, and mortality rates in recent decades. According to GLOBOCAN, an initiative by the International Agency for Research on Cancer, breast cancer is considered the most frequent cause of cancer-related death in women and the second most frequent cause of deaths worldwide, with 1.67 million new cases diagnosed annually.
In 2017, the mortality rate due to malignant breast cancer in Colombia was 5.7 per 100,000 women, 2 and the overall survival at 2 years was 80%. 3 However, overall survival can decrease due to delay in initiating treatment, simultaneously increasing health-care costs associated with advanced clinical stages. 4 Health-care costs for breast cancer are high. It has been estimated that by 2035, the United States will spend between 3.6 and 7.6 trillion dollars on patients with breast cancer. 5 For 2016 in Colombia, metastatic cancer was associated with a total cost of US $53,000 per patient during a 5-year follow-up period, while regional breast cancer reached a cost close to US $25,000, without taking relapses into account. 4 In addition, costs of chemotherapy were estimated to represent 77-84% of the total cost according to the disease stage, which is consistent with other reports worldwide in which these costs were estimated to be 42-87% of the total costs. 6, 7 Breast cancer with amplification of the ERBB2 gene and/or overexpression of transmembrane proteins of the HER2 family of epidermal growth receptors has been identified in 10-34% of the invasive breast cancers, 8 and it is considered to be associated with a poor prognosis due to its high proliferative and histological characteristics. 9 Defects in cell signaling, disruption of proapoptotic and antiapoptotic protein expression, and other biochemical mechanisms and mutations (e.g., PI3K, PIK3CA genes) can lead to the development of resistance to chemotherapeutic agents and anti-HER2 therapies. 10, 11 Genetic alterations that lead to poor treatment response are usually detected through direct tumor resection or tissue biopsy. Liquid biopsy has been reported as an alternative test for detecting circulating tumor cells (CTC) or nucleic acids fractions [circulating tumor DNA (ctDNA), micro RNAs (miRNA), etc.], both sources of the complete tumor genome in different fluids (blood, urine, cerebrospinal fluid, and saliva). 12 Liquid biopsy facilitates follow-up and supports decision-making and prognosis during treatment 13 because it is minimally invasive, highly concordant with tissue biopsy, and is more sensible in capturing tumor heterogeneity. [14] [15] [16] Considering the high heterogeneity of solid breast tumors and thanks to the ability to detect CTC and ctDNAs through tests with 80% sensitivity and close to 100% specificity, it has been possible to advance therapeutic monitoring, which directly impacts prognosis and survival. [16] [17] [18] [19] [20] [21] [22] Other advantages include elucidating molecular abnormalities in cancer patients 23, 24 achieving personalized treatment according to specific mutations detected in ctDNA, and highly selective therapeutic schemes. 24 In particular, identification of resistant mutations to targeted therapies using ctDNA analysis allows direct and continuous monitoring of treatment response. Monoclonal therapy with anti-HER2 drugs is considered the first-line treatment for advanced breast cancer. 17, 25 Thus, the implementation of ctDNA mutation testing during the follow-up of patients with advanced breast cancer may favor earlier change of pharmacological management and avoid prolonged treatment periods while awaiting clinical evidence of resistance, which typically occurs within less than a year of treatment with anti-HER2 drugs. 26, 27 In Colombia, although the Clinical Practice Guideline for early detection, comprehensive treatment, follow-up, and rehabilitation of breast cancer has considered the inclusion of target therapies within the management of HER2-positive breast cancer, 28 it does not consider liquid biopsy as a routine test to determine change of pharmacological therapy upon detection of resistance. Considering limited health resources, it is necessary to prioritize decisions for the inclusion of new technologies in health-care systems based on proven evidence; available resources; ethical aspects; and the local, regional, national, or international context. [29] [30] [31] However, there is a gap in the literature regarding costs of cancer treatment using biomarkers, which impact therapeutic decisions from clinical and financial perspectives. In this study, we propose an economic evaluation to support decision-making regarding the use and relevance of liquid biopsy, specifically ctDNA detection, in the treatment of HER2-positive advanced breast cancer in Colombia.
Materials and Methods

Study Design
This study corresponds to a cost-effectiveness-type economic evaluation designed by means of the PICO strategy and is based on the methodological recommendations of the Methodological Manual of the Institute for Economic Evaluation in Health IETS. 32 
Target Population
Women with advanced HER2-positive breast cancer without hormone receptors (Stages III and IV according to the American Joint Committee on Cancer Staging System for Breast Cancer) who were candidates for management with molecular-targeted drugs in Colombia were included.
Intervention
Liquid biopsy was added to the first-line treatment, involving a test for the detection of ctDNA in plasma and early resistance mutations in order to proceed to treatment change.
Comparison
Conventional first-line treatment (pertuzumab, trastuzumab, and docetaxel) for HER2-positive advanced breast cancer in Colombia was used for comparison.
Outcome
Effectiveness was measured by quality-adjusted life year (QALY), and utility weightings were estimated from information extracted from the literature and discussions with experts.
Time Horizon
A one-year horizon was adopted based on determinations in the literature showing a median therapeutic failure in the trastuzumab + docetaxel regimen of 9.8 months as the first-line treatment for patients with HER2-positive breast cancer. 33 Additionally, the detection of resistance using liquid biopsy generates a gain of 8 weeks compared with that through conventional imaging methods when defining treatment change. 34 Resistance is expected to be detected between the 1 st and 3 rd cycles of medication.
We did not identify studies that evaluated resistance in horizons longer than 1 year, perhaps because of the low survival of patients with advanced breast cancer worldwide. Therefore, after discussions with experts, the resistance occurring during the first year of treatment was evaluated.
Perspective
The perspective corresponds to those included in the General Social Security Health System in Colombia. Specifically, the direct medical costs associated with the first and second lines of treatment (medications, consultations, and paraclinical examinations), health outcomes in terms of mortality and those referred by patients in terms of quality of life were considered.
Discount Rate
This was not applicable considering the 1-year time horizon.
Model Structure and Assumptions
To estimate the costs and benefits of each alternative (addition of liquid biopsy-ctDNA detection, to conventional treatment), a decision tree was designed that reflected the main courses of action of the disease in a patient in the short term ( Figure 1 ). 
Transition Probabilities
The search for model probabilities in EBSCO and PubMed databases included the following keywords: "breast cancer HER2 positive," "liquid biopsy," "ctDNA," "first-line treatment," and/or "second-line treatment" (Search date: August 2018). We searched for studies that reported the probability of molecular and clinical resistance, the latter was estimated by progression-free duration with first-line management. Moreover, we searched for studies reporting probabilities of survival during the first-and second-line treatments.
Five studies that met the search criteria were selected. The transition probability extracted from the studies reported was 12 months. The CLEOPATRA study was used as a basis for the determination of first-line treatment in patients with HER2-positive advanced breast cancer 35 and similar studies consistent with the time horizon of the study, were reviewed (Table 1) . Other reviewed studies 36, 37 were discarded because they did not have accurate data at 12 months of follow-up or the study populations were rather small.
Outcome Assessment
Effectiveness was measured in QALY as a measure of outcomes to assess the impact of methods included in the economic evaluation of quality of life and life expectancy of the target population. 32 The utility weights were estimated from information extracted from the literature and further discussed with experts. The search was performed on PubMed, EBSCO, and Google Scholar using the following keywords: "costeffectiveness," "first-line treatment," "QALY," AND "breast cancer HER2+." We found 34 articles, of which 28 were excluded as they did not fulfill the search criteria and 1 was excluded since full text was not accessible ( Table 2) .
The study chosen was that of Diaby et.al, 2017, which considers a cost-effectiveness analysis of 4 different sequences of treatments for advanced HER2-positive breast cancer in Mexican patients. We used as reference, the first sequence described in this study. 21 It was also considered that the Mexican population is similar to the Colombian population because both are Latin American. A study by the same author carried out in the North American population in 2016, took the same useful assessments from the study of Llyod et al as reference. 42 
Identification, Measurement, and Evaluation of Costs
All costs associated with the evaluated methods and health outcomes included in the proposed decision model were considered. Institutional databases with national validity and direct consultation with experts were used as sources of information, as stipulated in the IETS methodological manual. 32 Medication costs were obtained from the Drug Price Information System (SISMED) through "The drug price thermometer" of the Ministry of Health of Colombia, which displays the range of prices of each active principle according to trademark and manufacturer. The active principle of medicines was filtered obtaining their cost. 43 Costs of medical consultations; diagnostic tests and follow-up (clinical laboratory, imaging, and tissue biopsy); extension studies; surgical treatment; adjuvant chemotherapy; radiotherapy; and rehabilitation were obtained from the study of Gamboa (2016) . Since this study estimated costs for the treatment of cancer in Colombia at all stages, we used the annual average cost for stages III and IV (according to the American Joint Committee on Cancer Staging System for Breast Cancer). 4 All costs related to diagnostic tests and procedures common to both interventions selected for this study were excluded, as well as costs associated with hormone therapy, since the target population is not eligible for this type of treatment. Cost of liquid biopsy was obtained directly from international suppliers (Foundation Medicine, Archer DX, Oncomine Thermofisher, and Sophia DM). Costs for detection of a single mutation and panels of 28, 42, 58, and 62 genes were taken into account. The value, initially expressed in US $, was converted to Colombian pesos (COP) with the representative exchange rate of 1 USD = 3,000 COP.
Incremental Analysis
Calculation of the incremental cost-effectiveness ratio was proposed, compared to a threshold of 1 GDP per capita and 3 GDP per capita, following the recommendations of the World Health Organization, considering that Colombia does not have a threshold estimate for economic evaluations. 32 
Sensitivity Analysis
A deterministic sensitivity analysis was conducted to estimate effects of uncertainty on model conclusions. Variable cost of liquid biopsy was modified, considering a minimum value of US $500 corresponding to detection of a single mutation and a maximum value of US $1,500, taking into account different prices reported by suppliers and number of mutations reported in each panel to verify cost-effectiveness. Variations in the performance of liquid biopsy were not considered in the deterministic analysis because it has no therapeutic implications per se. The literature does not report a specific range of sensitivity and specificity, as no variation was considered on that variable. Table 3 summarizes the result of a baseline case, comparing the two health methods proposed in this study and based on the minimum cost of liquid biopsy test (US $500). Not using liquid biopsy was the least expensive alternative, with a total cost of US $177,985.35 and an effectiveness of 0.533889206 QALY for the treatment of a patient with a time horizon of 1 year. In contrast, using liquid biopsy was the most expensive alternative, with a total cost of US $185,318.52 (incremental value = US $7,333.17 versus alternative therapy without liquid biopsy) and an effectiveness of 0.533466647 QALY.
Results
Results of the Baseline Case
Considering the scenario that addition of liquid biopsy testing is more expensive and less effective than conventional treatment without liquid biopsy, it is a dominated alternative. Therefore, the incremental cost-effectiveness relationship was not calculated.
Results of Sensitivity Analysis
The cost variable was modified and liquid biopsy was calculated at US $500, US $1,000 and US $1,500. Regardless of the variation of the value of this variable, it continued to be a dominated alternative, even with cost of US $0. 
Discussion and Conclusions
Breast cancer is the most frequent cause of cancer-related death in women and the second most frequent cause of death worldwide, making it a pathology of great social and economic interest for countries worldwide. 1 In
Colombia, based on a mortality rate of 12.79 per 100,000 women, the development of therapeutic alternatives has been crucial, enabling the use of anti-HER2 monoclonal therapy (such as trastuzumab), as the first-line treatment of advanced cancer, 25, 26 to achieve an overall survival of more than 48 months in patients with HER2-positive advanced breast cancer. 44 Some studies have reported a 5-year overall survival of around 74.9% and 3.5 years global survival from the beginning of treatment in the metastatic stage. 45, 46 Liquid biopsy has been shown benefits in obtaining the genomic information of tumors, facilitating processing time of samples and overcoming invasiveness of the procedures compared with conventional pathological testing. 16 Moreover, it provides additional advantages, such as detection of treatment resistance for targeted therapies and real-time evaluation of the dynamic molecular abnormalities of the tumor using serial sampling. 23, 24 Based on our results, liquid biopsy (ctDNA detection) may not be suitable to be included within the General System of Health Insurance in Colombia, specifically for the treatment of HER2-positive advanced breast cancer, considering that it was not cost effective. However, it is important to highlight that the difference between the two comparators' effectiveness was minimally assessed by QALY´s.
The definition of resistance to treatment with moleculartargeted drugs would allow for adjusting treatments and conventional chemotherapies in a timely manner, which is mostly relevant in early stages; however, this was not contemplated in this study. Such adjustments would, in turn, favor the health system because costs would be lowered. Moreover, this benefit applies as well to all patients in that exposure to targeted therapies is decreased, which frequently lead to cardiotoxicity, allergic reactions, lung disease, hematotoxicity, and gastrointestinal disorders. 26 In addition, the costs of Liquid Biopsy may be reduced if it is performed by local-certified laboratories in Colombia and if the panels designed consider the most frequent mutations that confer treatment resistance in HER2-positive advanced breast cancer. Colombia is one of the leading countries in the Latin-American region in terms of installed genomic facilities, cancer genetic research groups and educational programs in genomics. 47 It has the potential to implement centralized liquid biopsy testing in the country eventually reducing costs and time processing. As a limitation of the present study, an uncertainty probabilistic analysis was not performed, which may lead to modifications of our results. However, the inexistence of economic studies of cost-effectiveness involving the use of liquid biopsy in breast cancer limited comparisons. Nonetheless, this scenario provides future research opportunities to consolidate better evidence of economic evaluations for liquid biopsy since the probability of the expected benefits may exceed the costs and it would not be appropriate to rule it out categorically, despite being, in the present study, a dominated alternative.
Considering that liquid biopsy sensitivity and specificity is 80% and 100%, respectively, 16 as well as that genomic sequencing can reduce the proportion of false negatives by increasing its sensitivity, liquid biopsy may become the first-choice method for diagnosis, follow-up, and prognosis for breast cancer and other cancers. This current evidence urges the need to conduct further studies, taking different disease stages and limited health resources into account, to prioritize decisions in the face of evidence and context of each country and their potential to finance new health-care technologies. 29, 30 In conclusion, liquid biopsy is not currently applicable to be included in the treatment of HER2-positive advanced breast cancer in Colombia because it is not cost effective. These results urge more strategies to improve local sequencing 
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